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doi:10.1016/j.jmii.2011.12.031Background: b-amino acids play important biological roles as precursors in the biosynthesis of
antibiotics, anticancer agents, neurotransmitters, and other high molecular weight polymers.
Microbial cells and enzymes from extreme environments offer new opportunities for
biocatalysis and biotransformations as a result of their extreme stability. Lysine 2,3-
aminomutase catalyzes the interconversion of L-a-lysine and L-b-lysine. L-b-lysine is
a precursor in the bacterial biosynthesis of several antibiotics, and also is a precursor in the
biosynthesis of osmolyte Nε-acetyl-b-lysine for salt stress and adaptation in methanoarchaea.
Methods: Lysine 2,3-aminomutase (AblA) genes from the marine Methanosarcina mazei
N2M9705, halotolerant Methanocalculus chunghsingensis K1F9705bT, and halophilic Methano-
halophilus portucalensis FDF1T were cloned by PCR and southern hybridization. Both nucleo-
tide and amino acid sequences of AblAs were analyzed and phylogenetic comparisons
performed. Additionally, the functional motifs and 3D structure of aminomutases were aligned
and compared.
Results: The deduced amino acid sequences of AblAs from methanoarchaea share high identity
with the known clostridial and Bacillus lysine 2,3-aminomutase. The conserved amino acid
residues for cofactors, such as the iron-sulfur cluster, S-adenosylmethionine (SAM), pyridoxal
5’-phosphate (PLP) and zinc-binding sites in methanoarchaeal AblAs suggested that they were
lysine 2,3-aminomutases.
Conclusion: AblAs from methanoarchaea are lysine 2,3-aminomutases that may function as
potential biocatalysts for the synthesis of b-lysine in vivo and in vitro.
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b-glutamate, b-glutamine, and Nε-acetyl-b-lysine, as osmo-
5e8Enantiomerically pure chiral amino acids and amines
constitute a significant fraction of the chiral building
blocks, which are required as intermediates for a range of
target molecules, including pharmaceuticals, agrochemi-
cals and specialty chemicals.1 New biocatalytic asymmetric
methods with microbial enzymes and cells have recently
made significant advances in the application of both
ammonia lyases and aminomutases for the synthesis of
a-amino and b-amino acids.1,2 However, as Turner1 re-
ported, significant challenges, such as to develop new
methods to shift the equilibrium from a-amino to b-amino
acids to avoid the production of mixtures that are difficult
to separate, must be solved before these enzymes can be
applied more broadly to the synthesis of specific target
molecules on a large scale.1 In this report, we introduce
lysine 2,3-aminomutase from methanoarchaea, the halo-
philic methanogen, as a potential biocatalyst for the
synthesis of b-lysine.
b-amino acids have been found to play important
biological roles as precursors in the biosynthesis of antibi-
otics, anticancer agents, neurotransmitters, and other
high molecular weight polymers.3 L-b-lysine has been
identified in several strongly basic peptide antibiotics, such
as viomycin, streptolin A, streptothricin, roseothricin, and
geomycin, which are produced by Streptomyces.4 b-lysine
is involved in antibiotic synthesis for bacteria to fight with
other microbes for survival, whereas, in methanoarchaea,
b-lysine acts as a precursor for osmolyte Nε-acetyl-b-lysine
in response to abiotic salt and osmotic stress.5e8 NMR
analysis of a 13CH3OH/
12CO2 label incorporated by the
Methanohalophilus portucalensis FDF1T indicated that the
biosynthesis of Nε-acetyl-b-lysine originates with a-lysine
and occurs through a two-step process via b-lysine followed
by subsequent acetylation of the b-lysine.9,10 The conver-
sion of a-lysine to b-lysine was suggested and confirmed
with NMR analysis in strain FDF1T; the amino group was
shifted from C2 to C3 by lysine 2,3-aminomutase, and the
acetyl group was transferred to the ε-NH2 of the b-lysine
via b-lysine acetyltransferase.9 Based on studies of the
entire genome database of Methanosarcina mazei Go¨1,
Pflu¨ger et al11 revealed that the clustered genes ablA and
ablB potentially encoded the lysine 2,3-aminomutase and
b-lysine acetyltransferase, respectively, for Nε-acetyl-b-
lysine synthesis.
The mechanism of lysine 2,3-aminomutases from Clos-
tridium and Bacillus has been intensively investigated by
Perry A. Frey’s group.3,12e14 This enzyme contains [4Fe-4S]
clusters and pyridoxal 5’-phosphate (PLP) and is activated
by S-adenosylmethionine (SAM) and zinc.12e15 PLP normally
functions to stabilize carbanions in enzymatic reactions;
however, in the lysine 2,3-aminomutase reaction, PLP
appears to facilitate the rearrangement of a substrate
radical. SAM is normally a biological alkylating agent;
however, it functions as a hydrogen transfer agent in this
aminomutase reaction. The internal aldimine of PLP with Lys
337 undergoes transaldimination with substrate L-a-lysine
to form the external PLP-aldimine of L-a-lysine in the resting
state of the enzyme, which undergoes a transformation into
the external PLP-aldimine of L-b-lysine.13,16,17Methanogens could biosynthesize b-amino acids, such as
lytes to protect cells from salt stress. In this study, we
investigated the characteristics of the genes and proteins
of lysine 2,3-aminomutases from the marine M mazei
N2M9705, halotolerant M chunghsingensis K1F9705bT, and
halophilic M portucalensis FDF1T, which grew over a range
of external NaCl concentrations from 0.017 M to 0.350 M, 0.0
M to 2.1 M, and 1.2 M to 2.9 M, respectively. Information
regarding these genes and enzymes should be beneficial
to the synthesis of b-amino acid for biotechnological
applications.
Materials and methods
Organisms, vectors and growth conditions
The microbial strains used in this study included M mazei
N2M9705 (BCRC16179), M chunghsingensis K1F9705bT
(DSM14539) and M portucalensis FDF1T (DSM7471). Cells of
M mazei N2M9705 were isolated from an aquaculture fish-
pond near Wang-gong, Taiwan. The cells were routinely
incubated at 37C in MB/W medium that contained 87 mM
NaCl and 50 mM methanol, which was the sole carbon and
energy source.18 M chunghsingensis was also isolated from
an aquaculture fishpond near Wang-gong, Taiwan. The cells
were routinely incubated at 37C in MB/W medium, which
contained 87 mM NaCl and 100 mM sodium formate as well
as 50 mM acetate as the carbon and energy source.19
M portucalensis was isolated from the solar saltern of
Figueira da Foz, Portugal, and cells were routinely incu-
bated at 37C in H-P medium that contained 2.1 M NaCl as
well as 20 mM trimethylamine as the sole carbon and energy
source.6 Anaerobic sterile media were prepared under
a N2-CO2 atmosphere (4:1) and media were anaerobically
dispensed into serum bottles, which were then sealed
with butyl rubber stoppers and aluminum crimp closures
(Belleco. Inc., Vineland, NJ, USA).6
The yT&A cloning vector (Yeastern Biotech, Taipei,
Taiwan) and the pGEM-T easy vector (Promega, Fitchburg,
Wisconsin, USA) were used to clone the PCR products. The
GEM-7Zf(-) cloning vector was used for cloning the elution
samples using Southern hybridization. The host E coli JM101
was grown in Luria-Bertani (LB) medium or on a solid
medium at 37C.20 Ampicillin (100 mg/mL) was added as
needed for plasmid maintenance.
Gene cloning and plasmids construction
Chromosomal DNA of methanoarchaea was isolated and
purified as previously described.21 Oligonucleotide primers
were designed to amplify the genes of lysine 2,3-
aminomutase (ablA) from strains of M mazei N2M9705
(Mm), M chunghsingensis (Mc) and M portucalensis (Mp)
using PCR. The primers, ablAm-F (50-ACCCACAGGTACCGGA
TAGGGTTCTT-30) and ablAm-R (50-GACAGGAATTTTTCCT
CCCCC-30), were designed from the conserved amino acid
regions of AblA from the Methanosarcina species. The other
pair of primers, ablAbm-F (50-GAAGATCCTCTTTCCGAAG
AT-30) and ablAbm-R (50-GGTGATAACACCTTCATAATT-30),
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AblA from Methanococcoides burtonii and Methanococcus
maripaludis. The PCR amplifications were carried out by
denaturing the samples at 95C for 30 s, annealing at 50C
for 30 s and extending at 72C for 1.5 min, with 35 total
cycles. An initial denaturation step (95C for 5 min) and
a final extension step (72C for 7 min) were added and Taq
DNA polymerase (Takara, Otsu, Shiga, Japan) was used. The
PCR products were cloned into the yT&A vector or pGEM-T
easy vector and sequenced using an automated sequencer
(Model 373A; Applied Biosystems, Foster City, CA, USA).
Sequence comparisons were performed using BLAST from
the NCBI website. The 693 bp fragment (designated
MmablA-0.6), 807 bp fragment (McablA-0.8) and 804 bp
fragment (MpablA-0.8) were obtained and sequenced to
verify that those DNA fragments were a portion of ablAs.
To obtain the full-length of MmablA, the following
primers were used for the amplification of the MmablA
gene as MmablA-F (50-GTGAAATCCAGGATAAAAGACTGT-30)
and MmablA-R (50-TCAGAAACGCTGTTTTCTTTCGAG-30)
were designed from the genome database of M mazei
Go¨1.11 Since whole genome information is not available for
M chunghsingensis and M portucalensis, Southern hybrid-
ization technique was used to clone the full-length of
McablA and MpablA. Chromosomal DNA was prepared
separately and digested with the restriction enzyme NsiI
(New England BioLabs, Ipswich, MA, USA) for ablA from M
chungshingensis and M portucalensis. Southern blotting was
performed using McablA-0.8 and MpablA-0.8 probes that
were prepared with a DIG DNA Labeling and Detection Kit
(Roche Diagnostics). Subsequently, hybridized positive DNA
fragments were purified and subcloned into the pGEM-
7Zf(-) vector and further confirmed by DNA sequencing.
The specific primers designed for the amplification of the
complete ablAs from M chunghsingensis and M portuca-
lensis genomes used as follows: McablA-F (50-ATGGAATTAT
TTTCACAAAAATAC-30), McablA-R (50-TCACTCCTCTTCATCCT
CT CTCC-30), MpablA-F (50-ATGACACAGCACACACAAGCAC-30),
and MpablA-R (50-TCACTCAACGTCCCTTCTCTCCA-30). All
DNA sequences presented in this report were carefully
checked and confirmed with at least two sequencing
results.
Plasmids were extracted and purified as described in the
Viogene Mini-M plasmid DNA extraction system user’s guide.
DNA fragments were eluted and purified as described in the
Viogene Gel-M extraction system user’s guide.Expression, purification, and assay of recombinant
lysine 2,3-aminomutase
The MmablA gene was amplified by PCR using MmablA-F
and MmablA-R primers, which introduced NheI and XhoI
sites at the 50 and 30 termini of the MmablA gene, respec-
tively. A similar procedure was also performed with the
McablA and MpablA genes. The PCR products were further
purified, digested with NheI and XhoI, or NheI and NotI, and
ligated with the NheI/XhoI or the NheI/NotI-restricted
pET21b vector. The pET21b vector with the ablA genes
were transformed into the competent E coli BL21(DE3)
Codon Plus RIL cells. The recombinant strains weremaintained in LB medium and were supplemented with
ampicillin (100 mg/ml) and chloramphenicol (34 mg/ml)
at 37C.
Recombinant lysine 2,3-aminomutases were induced by
IPTG for overexpression under anaerobic conditions as
described by Chen et al22 and proteins were purified using
Ni Sepharose 6 Fast Flow resin (GE Healthcare, Waukesha,
WI, USA). Enzymes were activated and assayed anaerobi-
cally in an anaerobic chamber (Coy Environment Chamber;
Coy Laboratory Products, Grass Lake, WI, USA) as described
by Chen et al22 but with nonradioactive a-lysine as
substrate. The end products were analyzed by HPLC system
(Waters 625 LC; Waters, Milford, MA, USA) applied to
a 12019AST Astec CHIROBIOTIC T Chiral column (Advanced
Separation Technologies, Lakeland, FL, USA). The standard
b-lysine was obtained as gift from Professor Hao-Ping Chen
at National Taipei University of Technology, Taipei, Taiwan.
Sequence analyses
The homologues of the deduced amino acid sequence of
lysine 2,3-aminomutases were identified using the BLAST
program from the NCBI database website (http://www.
ncbi.nlm.nih.gov). Sequence alignments and similarity
comparisons were initially conducted using the SDSC
Biology Workbench website (http://www.workbench.sdsc.
edu) with the CLUSTALW program.23 Phylogenetic and
molecular evolutionary analyses were constructed using
MEGA version 4.24 The amino acid composition and theo-
retical isoelectric points as well as their molecular weights
were calculated using the ProtParam program at the ExPASy
Proteomics Server.25 The 3D structures were modeled using
the Swiss Model server (http://swissmodel.expasy.org).26
PyMOL was used to analyze and visualize the 3D structure.27
Results and discussion
Cloning and analyses of the lysine 2,3-aminomutase
(ablA) genes from methanoarchaea
The full length ablAs from M mazei N2M9705 (JF504675,
1260 bp), M chunghsingensis K1F9705bT (JF504673, 1320 bp)
and M portucalensis FDF1T (JF504677, 1314 bp) were
obtained using PCR and Southern hybridization. The
sequencing results revealed that MmablA shared 100%
identity with ablA of M mazei Go¨1 indicated that the ablA
sequences of these two species were identical. Both TATA
box (CTTAAT, TTTAAG, TATAAA, respectively) and Shine-
Dalgarno sequence (GAGG, GAAAG, GTGG, respectively)
were observed in MmablA, McablA, and MpablA. However,
the predicted translation start codon was GTG for MmablA
and ATG for McablA and MpablA (Fig. 1). All ablA identified
above were clustered with ablB, as Pflu¨ger et al11 reported
that ablA and ablB were co-transcribed for the synthesis of
the osmolyte Nε-acetyl-b-lysine at M mazei Go¨1. Interest-
ingly, the ablA and ablB genes of M chunghsingensis and M
portucalensis were overlapped for 14 and 8 bp, respec-
tively; whereas there are 204 bp of intergenic region
between the ablA and ablB genes in M mazei (Fig. 1).
Although the presence of Nε-acetyl-b-lysine as an osmolyte
has been demonstrated in thermophilic methanogens, such
Figure 1. Sequence analysis of lysine 2,3-aminomutase genes in M mazei N2M9705, M chunghsingensis K1F9705bT and M por-
tucalensis FDF1T. Bold-faced nucleotides indicate the putative promoter region (TATA box), ribosome-binding site (Shine-Dalgarno
sequence) and start codon.
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thermolithotrophicus,28,29 only ablA was discovered (not
ablB) in the genome of the thermophilic methanogens.
Molecular characteristics of lysine
2,3-aminomutases
The predicated polypeptides of MmAblA, McAblA and
MpAblA contain 419, 439, and 437 amino acids, respec-
tively, with a calculated molecular mass of 47.8, 49.9, and
50.1 kDa, respectively. Comparing the methanogenic
homologue AblAs to Bacillus subtilis and Clostridum
subterminale, the molecular masses of MmAblA, McAblA,
and MpAblA were similar to other methanogens and
bacteria but were smaller compared to hyperthermophilic
methanogens (Supplementary Table S1). The calculated
isoelectric points (pI) of AblAs from this study were
acidic, but AblA from Methanococcus vannielii SB, Meth-
anocaldococcus infernus ME and C subterminale were not.
AblAs from psychrophilic and mesophilic methanogens
showed low sequence identity (<30%) with the homologue
AblAs from thermophilic methanogens (Supplementary
Table S1). The amino acid sequences of MmAblA, McAblA
and MpAblA shared 48% to 57% identity with C subterminale
and B subtilis lysine 2,3-aminomutase (Supplementary
Table S1). These results indicated that the AblA of psy-
chrophile, mesophilic methanogens and bacteria showed
high degrees of similarity, except of thermophilic
methanogens.
The phylogenetic relationships of AblA from metha-
nogens and bacteria revealed that the mesophilic, ther-
mophilic and hyperthermophilic origin of AblA was
located at a separate cluster and that the AblAs from
psychrophilic Methanococcoides burtonii were clustered
near the halophilic mesophilic Methanohalophilus mahiiand M portucalensis (Fig. 2). The AblA from halotolerant M
chunghsingensis and Methanocorpusculum labreanum
were clustered together and were separated from marine
and salt marsh based Methanococcus maripaludis. This
result suggested that the phylogenetic relationship diver-
gence mechanism involves taxonomic order, growth salinity
and specific temperature conditions. Interestingly, AblAs
of the Methanosarcina species were grouped with bacterial
lysine 2,3-aminomutase (LAMs) and were located far
from other mesophilic methanogens (Fig. 2). Compared
with the phylogenetic relationships between AblA genes
and 16S RNA genes, suggested the possible horizontal gene
transfer may occur within bacterial and Methanosarcina
ablA.
Conserved amino acid residues in lysine
2,3-aminomutase
The amino acid sequences of MmAblA, McAblA, and MpA-
blA, and other methanogens, except the thermophilic and
hyperthermophilic species, revealed the conserved amino
acid residues, as described in lysine 2,3-aminomutase of
C. subterminale (i.e., three conserved cysteine residues
[CXXXCXXC]; Fig. 3C) for metal ligands of the iron-sulfur
cluster.12,13,16 A glycine-rich region (DAPG/HGGGK) that
formed a flexible loop involved in SAM binding can be seen
in Fig. 3H. In addition, the bound PLP was shown to be
linked to MmAblA-Lys338, McAblA-Lys347 and MpAblA-
Lys347 in a DAPG/HGGGK structure (Fig. 3H), and three
cysteine residues (Fig. 3I) near the C terminal were sug-
gested to present the zinc-binding site. Among the above
four signature motifs, only a glycine residue at the SAM
binding site of the glycine-rich region (DAPG/HGGGK;
Fig. 3H) of the halophilic M portucalensis, M mahii and
psychrophilic M burtonii were replaced by histidine.
Figure 2. Phylogenetic relationship of lysine 2,3-aminomutase (A) and 16S rRNA genes (B) from methanogenic archaea, B subtilis
and C subterminale. Bootstrap values are shown at nodes as a percentage of 500 replicates. Bar, 0.1 aa substitutions per 100 aa.
The bar indicates evolutionary distance.
Lysine 2,3-aminomutase from methanogens 5However, the lysine 2,3-aminomutases from thermophilic
and hyperthermophilic methanogens possessed one signature
motif only, which contained three conserved cysteine
residues (CXXXCXXC; Fig. 3C) for the iron and sulfideFigure 3. Amino acid residues in highly conserved segments
including M mazei N2M9705, M chunghsingensis K1F9705bT, M po
(NP_618848), M barkeri (YP_304229), M burtonii (YP_565029), M m
C5 (YP_001097192), M maripaludis C6 (YP_001549838), M maripalu
nielii (ZP_01703085), M labreanum (YP_001029788), M marisnigri
(YP_003356974), M thermophila (YP_842575), M jannaschii (NP
M vulcanius (ZP_05304375), and M infernus (ZP_04789521) as well as
(Q9XBQ8). The alignment was observed using the Clustal W prograbinding. In addition, the amino acid sequence of lysine 2,3-
aminomutase from B subtilis did not contain three
conserved cysteine residues for the zinc-binding site
(Fig. 3I).of the lysine 2,3-aminomutase from methanogenic archaea,
rtucalensis FDF1T, M mazei Go¨l (NP_632958), M acetivorans
ahii (YP_003542582), M aeolicus (ZP_01799068), M maripaludis
dis C7 (ZP_01800466), M maripaludis S2 (NP_987981), M van-
(YP_001046131), M petrolearius (YP_003356974), M paludicola
_247618), M sp. (YP_003458461), M fervens (ZP_04795462),
bacteria including B. subtilis (NP_389850) and C. subterminale
m from the SDSC Biology Workbench.
6 C.-C. Hung, M.-C. LaiTo reveal the correlation between the structure of the
conserved amino acids located within the active sites and
the interaction with bound cofactors, in which they are
shown to be essential for enzyme activity, the docking
models of cofactors with lysine 2,3-aminomutase from B.
subtilis (NP_389850), C subterminale (Q9XBQ8), M mazei
N2M9705 (JF504675), M chunghsingensis (JF504673), and M
portucalensis (JF504677) were performed (Fig. 4). The
conserved AblA amino acid residues included the iron-sulfurFigure 4. Docked models of cofactors with lysine 2,3-aminomu
M mazei N2M9705, M chunghsingensis K1F9705bT and M portucalenbinding cysteine motif (CXXXCXXC) and the PLP binding
lysine residue. In addition, MmAblA-Arg135, McAblA-Arg144
and MpAblA-Arg144 were found to bind a carboxylate
group of the lysyl-PLP external aldimine (Figs. 3C and 4).
The residues of MmAblA-Asp294, MmAblA-Asp331, McAblA-
Asp303, McAblA-Asp340, MpAblA-Asp303 and MpAblA-
Asp340 were found to bind the ε-aminium group of the lysyl
side chain in the external PLP aldimine (Figs. 3G,H and 4).
The amino acid sequence interaction with cofactors fromtase from B. subtilis (NP_389850), C subterminale (Q9XBQ8),
sis FDF1T.
Lysine 2,3-aminomutase from methanogens 7MmAblA, McAblA and MpAblA all contained these conserved
residues and were also conserved in AblA of all other
methanogens; however, these two aspartic acid residues
were not conserved in the thermophilic methanogens.
Two aspartic acid residues of the thermophilic Meth-
anocaldococcus spp. jannaschii, fervens, vulcanius, and
infernus were replaced by lysine and asparagine residues,
respectively (Fig. 3G, H).
The protein structures of MmAblA, McAblA, and MpAblA
were predicted using the SWISS-MODEL web server; the
predicted 3D structures were compared with the known
lysine 2,3-aminomutase 3D structure from C sub-
terminale.17 These 3D structures had a high identity to
C subterminale (Fig. 4). The correlation of the structures
with functional amino acids could be divided into two
major groups: 1) those located within the active site and
interacting with bound cofactors; and 2) those that
played significant roles in stabilizing the structural integrity
of lysine 2,3-aminomutase.17 In the clostridial lysine
2,3-aminomutase, mutations of Arg130, 135, and 136
(Fig. 3C), and acidic residues Glu86 (Fig. 3A), Asp96
(Fig. 3B), Asp165, Asp172 (Fig. 3D), and Glu236 (Fig. 3E)
decreased the iron and sulfide content as well as activity,
indicating that instability in the iron-sulfur centers could
lead to structural disturbances.12,13,15,17 In MmAblA, McA-
blA and MpAblA, the amino acids corresponding to Glu86,
Asp96, Arg130, Arg136, Asp165, Asp172 and Glu236 of
clostridial lysine 2,3-aminomutase are conserved, but
Arg135 was replaced by lysine (Fig. 3C). These properties
were also similar in the AblA of all other methanogens, but
not for the thermophilic methanogen. For clostridial lysine
2,3-aminomutase, Arg135 was replaced by lysine. The
arginine and lysine residues were positively charged and
the structures very similar; the mutation of Arg135 to lysine
was fairly well tolerated, with modest losses in activity as
well as iron, sulfide, and PLP content,12 which indicated
that the replacement of Arg135 with lysine appeared to be
less important in stabilizing the iron-sulfur cluster. In the
thermophilic methanogen M thermophila, Asp165 was
replaced by asparagine (Fig. 3D); the mutation of Asp165
to asparagine led to low activity and destabilization of
the iron-sulfur centers,12 which indicated that this
replacement may affect the enzyme’s structural stability.
In addition, the amino acids Arg130, Arg135, Arg136 and
Asp165 of thermophilic methanogens, such as M jannaschii,
M fervens, M vulcanius, and M infernus were replaced by
valine, asparagine, tryptophan and glutamate, respectively
(Fig. 3C,D). These residues played significant roles in
stabilizing the structure, and the replacement of other
amino acids may cause structural destruction. Conversely,
the C-terminal contained three cysteine residues (Fig. 3I)
that coordinated the zinc ion, and the C-terminal b-sheet
that interacted with the opposing subunit contained the
fourth zinc ligand (Cys268) in the quaternary structure of
the C subterminale lysine 2,3-aminomutase.17 The fourth
zinc ligand was linked to MmAblA-Cys269, McAblA-Cys278
and MpAblA-Cys278 (Fig. 3F). This property was also
conserved in the AblA of all other methanogenic archaea
but not in the thermophilic methanogen and B subtilis. The
zinc-binding cysteine residues of B subtilis were not
detected, but the B subtilis protein did not contain zinc and
the enzyme activity was expressed in m-units,22 whichindicated that the Bacillus enzyme may not be activated
by zinc.
The variation in the conserved amino acid residues
is associated with substrate and coenzyme binding
in aminomutases
The aminomutases catalyze the reversible migration of an
amino group between adjacent carbon atoms of a substrate.
The well-studied aminomutases are arginine 2,3-
aminomutase,30 glutamate 2,3-aminomutase,31 lysine 2,3-
aminomutase,13,16,17 lysine 5,6-aminomutase,32 ornithine
4,5-aminomutase,33 phenylalanine 2,3-aminomutase,34 and
tyrosine 2,3-aminomutase.35 Some aminomutases, such as
arginine 2,3-aminomutase, glutamate 2,3-aminomutase,
and lysine 2,3-aminomutase, require cofactors, such as the
iron-sulfur cluster, SAM, and PLP.16,31,32 Lysine 5,6-
aminomutase and ornithine 4,5-aminomutase require
adenosylcobalamin and PLP.32 However, the other types of
2,3-aminomutases do not function by radical mechanisms
and do not require PLP. Phenylalanine 2,3-aminomutase
from Taxus chinensis and Taxus cuspidate,34 and tyrosine
2,3-aminomutase from Streptomyces globisporus35 employ
methylidene-imidazolone as their coenzyme. The phyloge-
netic tree illustrates that aminomutases are grouped by
their coordinate substrate and coenzymes (Fig. 5). In addi-
tion, the tree showed that the lysine 2,3-aminomutase of
thermophilic methanogens was distant from the lysine 2,3-
aminomutase of methanogens and bacteria, presumably
because the lysine 2,3-aminomutase of thermophilic
methanogens can also act on other substrates. Based on the
conserved binding residues to the active site of bacterial
glutamate 2,3-aminomutase, Arg173, Lys332 and Asn369,31
the lysine 2,3-aminomutase sequences of thermophilic
methanogens show similar properties.
Lysine 2,3-aminomutase from methanoarchaea as
potential in vivo and in vitro biocatalysts for the
synthesis of b-lysine and related pharmacologically
active compounds
Lysine 2,3-aminomutase is used in bacteria to produce
b-lysine as precursor for antibiotics and has long been
investigated.4,36,37 However, the application of lysine
2,3-aminomutase from methanogen for b-lysine synthesis
has never been discussed. When methanoarchaea
encounter a salt shock, lysine 2,3-aminomutase (AblA)
converts a-lysine to form b-lysine and acetyltransferase
(AblB) subsequently acetylates the b-lysine to form the
novel osmolyte Nε-acetyl-b-lysine, thus protecting the
cell.5e11 Our earlier study showed that the halophilic M
portucalensis FDF1T, which grows over a range of external
NaCl concentrations from 1.2 M to 2.9 M, could accumu-
lated Nε-acetyl-b-lysine as osmolyte from 0.24 M to 0.81 M.5
Similarly, the intracellular levels of Nε-acetyl-b-lysine from
the halotolerant M chunghsingensis K1F9705bT increased
progressively while cells grew over a range of external NaCl
concentrations from 0 M to 1.8 M NaCl (Lai, unpublished
data). Additionally, the transcription levels of ablA and
ablB Methanosarcina mazei grown in a 800 mM NaCl envi-
ronment were 126.6- and 56.2-fold higher, respectively,
Figure 5. Phylogenetic relationship of aminomutases. Bootstrap values are shown at nodes as a percentage of 500 replicates.
Bar, 0.2 aa substitutions per 100 aa. EAM: glutamate 2,3-aminomutase. FAM: phenylalanine 2,3-aminomutase. LAM2,3: lysine 2,3-
aminomutase. LAM5,6: lysine 5,6-aminomutase. OAM: ornithine 4,5-aminomutase. RAM: arginine 2,3-aminomutase. YAM: tyrosine
2,3-aminomutase.
8 C.-C. Hung, M.-C. Laithan cells grown in 38.5 mM NaCl.38 Northern analysis has
also showed similar salt up-regulation at MpablA and
MpablB (Hung and Lai, manuscript in preparation). Because
of its salt tolerance and up-regulation, methanoarchaeal
AblA could be a good industrial enzyme for in vivo and
in vitro synthesis of b-lysine.
The full-length lysine 2,3-aminomutase (ablA) genes
from marine M mazei N2M9705, halotolerant M chunghsin-
gensis K1F9705bT, and halophilic methanogen M portuca-
lensis FDF1T were cloned, sequenced, and analyzed. The
deduced amino acid sequences of MmAblA, McAblA and
MpAblA shared a high identity with the known clostridial
and Bacillus lysine 2,3-aminomutase. The conserved amino
acid residues for cofactors, such as iron-sulfur clusters,
SAM, PLP, zinc-binding sites (Fig. 3) and the docking modelsof cofactors (Fig. 4) suggested that MmAblA, McAblA, and
MpAblA are functional lysine 2,3-aminomutases that
specifically convert a-lysine to b-lysine.
The amino acid compositions of MmAblA, McAblA, and
MpAblA closely resemble those of a nonhalophilic proteins,
which suggests that the halotolerant and halophilic lysine
2,3-aminomutase encoding genes have not evolved greatly
compared to their ancestor (Fig. 2). The over expression of
recombinant lysine 2,3-aminomutases (AblA) from metha-
nogens through the transformation of the ablA gene insert
expression vector pET21b(þ) into E coli led to a high level
production of the AblA protein in cells (Supplementary
Fig. S1). SDS-PAGE analysis of the total cell lyses from
E coli cells following IPTG induction indicated a dominant
band at approximately 50 kDa, which was comparable to
Lysine 2,3-aminomutase from methanogens 9the calculated weights of 47.8, 49.9, and 50.1 kDa for the
MmablA, McablA, and MpablA gene products based on the
amino acid composition. The purified recombinant proteins
of MmablA, McablA, and MpablA proteins did not show
significant lysine 2,3-aminomutase activity. Lysine 2,3-
aminomutase from Clostridium has been demonstrated to
be very sensitive to an aerobic environment.39 Molecular
oxygen oxidizes the [4Fe-4S]1þ cluster of lysine 2,3-
aminomutase required for catalysis to [4Fe-4S]2þ to form
[3Fe-4S]. The reduction potential of the [4Fe-4S] cluster is
more positive than e370 mV.39 A strict anaerobic and
reduced environment may be required for proper enzyme
function.
Extremozymes offer new opportunities for biocatalysis
and biotransformations as a result of their extreme
stability.40,41 Extremozymes from halotolerant and halo-
philic archaea were not only salt-tolerant, but also
capable of retaining stability at ambient temperatures for
prolonged periods and were often considerably thermo-
tolerant. In addition, they were likely to retain catalytic
activity in environments with low water activity, such as
in the presence of high levels of organic solvents. Lysine
2,3-aminomutase from methanoarchaea, especially from
the halophilic methanogens, could act as potential bio-
catalysts for the synthesis of b-lysine in vivo or in vitro
because enzyme activity can be induced by salt
concentration.6,28
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